Light can tunnel through a high-reflectivity dielectric multilayer film when a photonic-crystal-type defect is introduced in the structure, which is useful for optical signal processing. We consider chirped structures with a defect in layer thickness for which high reflectivity is achieved over a broad wavelength range except within a narrow spectral window. The useful transmission window, while it shifts toward shorter wavelengths as the angle of incidence of the light beam is increased, does not, in general, survive; i.e., transmission disappears progressively. We show that wide angular range operation can, however, be achieved by a proper design of the chirped structure. Analytical expressions for the design parameters are derived on the basis of a semi-infinite photonic crystal model. Theoretical reflectance spectra of defect SiO 2 / TiO 2 chirped multilayer films are presented and discussed in terms of the dispersion of the electromagnetic radiation modes of the finite photonic crystal. These devices offer a simple way to mechanically tune (through inclination of the film) the wavelength transmitted from a fixed white-light beam.
Periodic arrangement of the dielectric constant in space, which is implemented artificially in a photonic crystal at the scale of the wavelength, is responsible for scattering of the light in specific directions in certain ranges of frequencies. 1 Introducing a defect in the periodic structure can modify the scattering substantially: for instance, light can tunnel through a Bragg reflector, which is nothing but a 1D photonic crystal, when the periodicity is altered at some place along the one-dimensional (1D) structure. 1 The result of this perturbation is to settle an allowed state within photonic bandgap, an application of which has been implemented with optical fiber gratings for use in mode-locked fiber lasers. 2 Here we consider another type of "defect" 1D-photonic crystals: a chirped dielectric multilayer film with a defect in layer thickness. Variation of the period across the structure (chirp) is commonly used to broaden the reflectance spectrum, as compared with the Bragg (constantperiod) reflectance spectrum. 3 The defect, which here takes the form of a local alteration of the high-and low-refractive-index layer thicknesses, is used to open a transmission window within the reflectance spectrum. Such a device can be useful for optical signal processing in both frequency and spatial domains, where one wants to exploit dependence of the reflectance on the angle of incidence of the light beam. In this context, the question is: would the useful transmission window be preserved as the angle of incidence is changed? The answer is not straightforward as we observe that the transmission window, while it shifts toward shorter wavelengths as the angle of incidence is increased, does not, in general, survive. However, we show, in this Letter, that wide angular range operation of the device can be achieved by a proper design of the chirped structure. For this purpose, we rely on a semi-infinite photonic-crystal model and derive analytical expressions for the design parameters. Reflectance spectra of SiO 2 / TiO 2 multilayer films are presented as a proof of principle and discussed in terms of the dispersion of the electromagnetic radiation modes of the finite photonic crystal.
We start from the expression of the dominant reflected wavelength, which can be easily derived for a semi-infinite 1D photonic crystal by expressing the conservation of the wave-vector component parallel to the interfaces 4 :
where is the angle of incidence, inc is the dielectric constant of the incidence medium, is an effective dielectric constant averaged over the photonic-crystal unit cell (the refractive index contrast in the unit cell, n 2 / n 1 Ͼ 1, is assumed to be small 4 ). In Eq. (1), depends on the relative fraction of both materials (layer thickness ratio) and on the polarization of the incident light. We consider here TE-polarized light for which = 1 ͑1+r ϫ 2 / 1 ͒ / ͑1+r͒. 4 The dominant reflected wavelength depends on the period ͑a = d 1 + d 2 ͒ and the layer thickness ratio ͑r = d 2 / d 1 ͒ of the unit cell, i.e., the geometrical parameters we choose for the design of our device (the number of layers becomes an additional parameters as soon as a finite multilayer is concerned). In the general case of an arbitrarily chirped structure ( Fig. 1 ), both parameters have been considered as local: a = a͑j͒, r = r͑j͒ (j is the index of a bilayer period). At normal incidence ͑ =0°͒, the dominant reflected wavelength is 0 =2a͑͒ 1/2 . We define the shift of the dominant reflected wavelength at the oblique incidence * by ␦ *͑a, r͒ = 0 − * = 2a͑͑͑r͒͒
By solving Eqs. (1) and (2) for a and r, one finds explicit analytical expressions for the period and the layer thickness ratio corresponding to desired values of 0 and ␦ *, namely,
Before exploiting the later relations, let us introduce a useful tool for the design of a multilayer reflector: the map of iso-0 curves and iso-␦ * curves in the ͑r , a͒ coordinate system (Fig. 1) . Then let us consider the case of a chirped SiO 2 / TiO 2 reflector for which the broadband reflectance spectrum is obtained by chirping the period only (hereafter called a-chirped design). As an example, we take r = 1 2 (lowindex layer twice thicker than high-index layer), and we choose to cover the whole visible range: the design local periods a j ͑j =1, ... ,N͒ are given by the intersection of the r = 1 2 vertical line with the relevant iso-0 curves (circles in Fig. 1 ). The longest wavelength 0,N is taken equal to 800 nm, so that the reflectance remains high at the upper edge of the visible range ͑700 nm͒, while the spectrum is blueshifted at more grazing incidence. For the actual multilayer, we take N = 11, with each couple of parameters ͑a j , r j ͒ being associated with a single bilayer. The defect is defined by its position within the multilayer structure and by the "filling factors," f 1 and f 2 , such that 
of layers are motivated by the flexibility of, e.g., magnetron sputtering techniques for fabricating large-area homogeneous multilayer films. The reflectance spectra of a 2 ϫ 11 layer SiO 2 / TiO 2 film, including the defect, were calculated at incidence angles varying from normal to grazing using the transfer-matrix method. 3 The number of bilayers ͑N =11͒ and the defect position ͑j =6͒ were chosen such that, at normal incidence, the reflectance of the film is high in the whole visible range except in a relatively narrow window located at approximately 600 nm (Fig. 2, top left) . As the angle of incidence is increased, however, the transmission window is progressively lost because the different wavelengths 0,j in the broadband spectrum do not shift by the same amount. Therefore, the answer to our question "would the transmission window be preserved as the angle of incidence is changed?" is negative in this case. Fortunately, an intuitive reasoning gives us the hope of finding a positive answer: if the different wavelengths 0, j could shift by the same amount as the angle of incidence is changed, then the reflectance spectrum as a whole (including the defect transmission window) would be preserved while changing the incidence. Using our design map (Fig.  1) , the solution is found by chirping both the period and the layer thickness ratio (hereafter called ar-chirped design), with the ͑r , a͒ values given by the intersection of a given iso-␦ * curve with the relevant iso-0 curves (diamonds in Fig. 1 ). Taken indi- Fig. 1 . (Color online) Left, scheme of a chirped multilayer film; right, map of iso-0 curves (colored) and iso-␦ * curves (dark blue) in ͑r , a͒ coordinate system. The dominant reflected wavelength, 0 , and its shift as the angle of incidence * is increased from 0°to 70°, ␦ *, are calculated for a semi-infinite 1D photonic crystal of period a and layer thickness ratio r (values are displayed in nanometers along the curves). Diamonds and circles indicate the geometrical parameters of a-r-chirped and a-chirped multilayer films, respectively. The design wavelengths 0 range from 400 to 800 nm in both cases. In the former case, the values of a and r are given by Eqs. (3) and (4) so that the ͑r , a͒ points sit on the ␦ * = 80 nm isoline. In the latter case, the value of r is fixed and the values of a are calculated from Eq. (1) with =0°. (bottom left chart). The incidence and emergence medium is air, refractive indexes of the constitutive layers are n 1 = 1.5 and n 2 = 2.7, respectively. Selected reflectance spectra from the top right chart (red, = 0°; blue, = 70°) are shown in the bottom right chart (dotted curves were calculated using n 1 = 1.5+ i ϫ 10 −3 and n 2 = 2.7+ i ϫ 10 −3 to simulate losses).
vidually, each Bragg reflector that would be built from such a combination of period and layer thickness ratio would experience the same shift of its dominant wavelength. This would not be the case for the a-chirped design. The fixed value of the layer thickness ratio would lead to different shifts of the dominant wavelength for different periods (circles in Fig. 1 ). Now we must check whether this prediction is valid for an actual multilayer film. Taking the same number of layers and the same defect as for the a-chirped SiO 2 / TiO 2 film, we calculated reflectance spectra of a-r-chirped SiO 2 / TiO 2 film at incidence angles varying from normal to grazing (Fig. 2, top  right) . At normal incidence, the reflectance spectrum of the latter is similar to that of the former, although the geometrical parameters of the multilayer are radically different. In the latter case, however, the defect-related transmission window is well preserved as the angle of incidence is increased, confirming our prediction. This is quite a remarkable result, given the fact that the design was originally based on a long-wavelength approximation of a semi-infinite nonchirped defect-free photonic crystal. 4 Note that the location of the transmission window at normal incidence can be tuned by changing the defect parameters (Fig. 2 , bottom left) and its angle tuning property is robust against losses in dielectric layers (Fig.  2, bottom right) .
As shown by the examples above, the defect-related transmission window may or may not survive as the angle of incidence is increased. To understand why the chance of survival depends on the multilayer design, we carried out an investigation of the electromagnetic modes that can be excited in a reflectance experiment, i.e., the so-called radiation modes lying above the light line. 1 The frequencies of these modes were determined by calculating the complex zeros of the T 11 element of the multilayer transfer matrix. 5 In this way, the complex frequency of the defect mode was identified (the real part of which giving the location of the defect-related transmission dip), and its evolution with the angle of incidence was recorded. Both the real part and the imaginary parts of the complex frequencies were displayed in the dispersion diagram of radiation modes (Fig. 3) . Physically, the imaginary part of the complex frequency is responsible for the finite lifetime of radiation modes. 1 For both multilayer designs, the imaginary part of the defect mode frequency decreases as the angle of incidence increases. However, the decrease is less important for the a-r-chirped design, which explains why the transmission window is preserved in this case.
For some applications, it might be interesting to have a multilayer film device that exhibits high reflectivity within a given range of the electromagnetic spectrum, but leaves a narrow transmission window somewhere in this range. The broadband response is commonly obtained by chirping the multilayer period, whereas the transmission window is achieved by inserting a defect within the layer structure. We have shown that, in general, such a design was not able to preserve the transmission window as the light beam was switched from normal to oblique incidence. According to the predictions from a simple photoniccrystal model, a solution to this problem was found whose design consists of chirping both the period and the layer thickness ratio. Concretely, these devices offer a simple way to mechanically tune (through inclination of the film) the wavelength transmitted from a fixed white-light beam. More generally, we believe that our results will contribute to generate novel 1D photonic crystals with complex structures.
